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INFLUENCE OF ALTITUDE CMANGES ON INTESTIMAL ION ABSORPTION

The mechanisms regulating intestinal iron
absorption are stiil not very well known. It
has been suggested that hypoxemia, acting rn
the intestinal mucosa, plays an important role
in this phenomenon (1). On the other hand,
it has been found that an increase in the ab-
sorption of this metal occurs when there is ‘a
greater demand due to hyperactivity of eryth-
ropoiesis, while a decrease occurs when there
is a depression in the red blood cell forma-
tion (2). These observations suggested the
applicability of performing iron absorption
studies during changes of altitude, both in sub-
jects taken from sea level to an altitude of
14,900 feet and in natives of that altitude
taken to sea level. Such changes cause varia-
tions in oxygenation and, consequently, in the
rate of red cell production (3).

MATERIAL AND METHODS

- Eighty-two healthy adult men were studied.
They were divided into fourteen groups, each
of which was investigated under different con-
ditions of altitude, as described later. Most of
the groups consisted of 5 subjects each.

The iron was given orally as ferrous sul-
fate, tagged with Fe’® (4). The amount of the
salt administered in most of the experiments
was. calculated to make a 100 mg. dose of
metallic iron, which was equivalent to 1.5 to
1.8 mg./kg. of body weight. This relatively
high dose was selected because it allowed less
individual variation in the amount absorbed
than would dosage at lower levels. In two
groups, however, smaller quantities were ad-
ministered (that is, 30 mg. of metallic iron,
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equivalent to 0.40 to 0.50 mg./kg. of body
weight). In all cases the iron was taken by

subjects in a fasting state. Eight days later,

consecutive blood samples were taken until a

maximum of radioactivity was obtained. A

scintillation counter was used to measure

radioactivity in the red blood cells. In ten of

the groups, the percentage of iron absorbed by

the subjects was calculated on the basis of the
maximum amount of labeled iron appearing

in RBC. In the four other groups the fraction
eliminated was studied in addition to that

appearing in the red cells. To determine the
amount of unabsorbed iron, stools were care-
fully collected for 8 to 10 days. According to
the technic of Bothwell et al. (2), the entire
stool sample of each subject was treated with
5 liters of sulfuric acid for 10 days with
periodic stirring. At the end of that time the
mixture was strongly agitated, a 2 cc. sample
removed, and the radioactivity measured. The
uniformity of the counts obtained in two or
three samples from the same subject indicated
that there had been an even distribution of iron
in the mixture.

RESULTS

Absorption after ascent to 14,900 feet

The data obtained in three groups of sub-
jects taken from sea level to Morococha (14,900
feet) are presented in table I and figure 1.
Subjects of the three groups were given iron
2 days, 8 days, and 30 days, respectively, after
their arrival. Rrsults were compared with
those obtained at sea level on a group of 15 sub-
jects born at sea level. Each subject was given
a dose of 100 mg. iron. The percentage of
absorption was calculated on the basis of the
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TABLE I

Intestinal iron absorption in sea level subjects after ascent to high altitude
(percentage of 100 mg. dose)

At Lima After ascent to Morococha (14,900 feet)—
(sea level) 2 days 8 days 30 days
Fe appearing 3.6 14.3 16.3 7.2
in RBC (mean =S.D.) +1.27 +3.78 +2.84 +8.10
Fe reaching
circulating plasma*
but not RBC 0.5 0 0 04
Total 4.2 143 16.3 7.6
Fe uptake for Hb
synthesis* 86/100 100/100 100/100 95/100
Hemoglobin (gm. %) 15.1 15.9 16.2 17.2
Number of subjects
studied 16 10 5 ]

*Estimated on basis of previous studies.
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FIGURE 1

Iron absorption in. sea level subjects after ascent
to 14,900 feet.

amount of iron that appeared in the red cells,
as mentioned before, but a correction factor
was added for that fraction of the absorbed
iron that presumably had entered the circulat-
ing plasma but did not appear in the red cells.
This factor was applied on the basis of previous
studies of intravenous iron uptake carried out

2

in subjects under the same conditions of expo-
sure to high altitude. By this correction we
have replaced the double isotope method de-
scribed by Saylor and Finch (5), which is used
for the same purpose in cases in which the
intravenous uptake of iron is unknown.

In the group of 15 sea level subjects studied
under normal conditions of oxygen tension, the
average amount of absorbed iron that appeared
in the red cells was 3.6 percent, with a standard
deviation of +1.27. This figure represents
86 percent of the absorbed iron that reached
the circulating plasma, of which the total was
estimated to be 4.2 percent.

Two days after ascending to 14,900 feet, a
group of 10 subjects showed a much greater
absorption of iron, as reflected by the appear-
ance of 14.3 +3.8 percent in the erythrocytes.
In the group studied after 8 days the absorp-
tion was even higher (16.3 =2.3 percent). In
both groups it was assumed that all absorbed
iron was used in the production of red cells in
accordance with previous investigations in
which we have demonstrated that the total
amount of iron available in the circulating



TABLE II

Intestinal iron absorption in high altitude subjects after descent from high altitude to
seqa l?}vel (percentage of 100 mg. dose)

At Morococha After descent to sea level—
14,900 ft.
( ) 2 days 8 days 22 days 2 months 16 months
Fe appearing 4.80 1.48 1.25 0.76 2.70 - 3.10
in RBC (mean +S.D.) +1.20 =+ 57 + .38 + .16 +11 + .86
Fe reaching circulating
plasma but not RBC 0.40 ‘ 0.98 0.86 0.560 0.44 0.50
Total 5.20 2.46 2.11 1.26 3.14 3.60
Fe uptake for Hb
synthesis* 92/100 60/100 60/100 60/100 86/100 86/100
Hemoglobin (gm. %) 20.1 19.0 18.4 ‘ 14.1 ‘ 13.8 188
Number of subjects
studied 8 : 4 6 5 5 5

*Estimated on basis of previous studies.

plasma was utilized for hemoglobin synthesis
during this early stage of adaptation to high
altitude (3, 4). A tendency for iron absorption
to return to normal was observed in the 5 sub-
jects studied 30 days after arrival at high
altitude. An average of 7.2 *+38.10 percent of
iron appeared in the red blood cells in this
group, and it was assumed that this repre-
sented 95 percent of the 7.6 percent of iron
which reached the plasma.

Absorption after descent from high altitude

This study was performed in five groups
of natives of Morococha (14,900 feet), who
were observed at 2 days, 1 week, 3 weeks,
2 months, and 16 months after descent to sea
level. Baseline values were taken from a
study of Morococha natives carried out at that
place. The iron dose was 100 mg.

It can be seen in table II and in figure 2
that the mean value for absorbed iron appear-
ing in the red cells of 8 altitude natives studied
in their place of origin was 4.8 +1.2 percent,
which when corrected becomes 5.2 percent. This
value is slightly higher than but not signifi-

Fe appecring in RBC (%)
3

Q
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FIGURE 2

Iron absorption in Aigh altitude natives aftor
descent to sea level.

cantly different from values obtained in sea
level subjects studied under conditions of nor-
mal oxygenation.

Regarding the natives of high altitude
brought down to sea level, it can be seen that
in the group of subjects studied 2 days after
their arrival there was considerable decrease
in iron absorption. The mean value for the



TABLE 111

Comparative study of iron absorption in
newcomers from altitude between values
obtained at sea level and 2 weeks after
return to high altitude (percentage of
Fe appearing ‘2 RBC)

Subject Sea level High altitude
1 0.71 0.69
2 1.10 1.30
3 1.39 1.20
4 1.80 1.70
Mean 1.25 1.22

iron appearing in the red cells was 1.48 +=0.57
percent in this group. The decrease was
slightly more marked in the 8-day group, 1.25
+0.38 percent, and reached a minimum of
0.75 =+0.16 percent in the group studied
3 weeks after leaving high altitude. When
the correction factor for the observed iron
reaching the circulating plasma but not appear-
ing in the red blood cells is added, the values
(given above) became 2.46, 2.11, and 1.25 per-
cent, respectively, which represent an incre-
ment of 40 percent over the former values.
In the group studied 2 months after arrival at
sea level there was a tendency toward a recov-
ery of normal iron absorption (2.7 *+1.1 per-
cent) and the 16-month group had returned
nearly to normal with a mean of 3.6 percent
when corrected for iron not appearing in the
red cells.

Effect of erythropoietic stimulation after
iron absorption

In the group of native subjects studied
2 days after their arrival at sea level from
high altitude it was noted, as indicated, that
only a small percentage of labeled iron ap-
peared in the red cells. The possibility that
this might actually be only a small part of the
total iron absorbed was investigated in the
group on the basis that the fraction not in-
corporated in the cells might form a reserve
(“labile pool”) that could be used in later
demands of the bone marrow as it has been
described in cases of pernicious anemia (6).
For this purpose these subjects were exposed
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to further erythropoietic stimulation by being
returned to high altitude immediately after
they had reached maximum radioactivity in
red cells at sea level (11 days). Two weeks
after their return to altitude, and without
further administration of iron, blood samples
were taken in which no additional labeled iron
was found. Table III shows the percentages
of radioactivity in blood samples before and
after the return of the subjects to high altitude.

Recovery of iron in feces

In a first series of experiments 10 students
born at sea level were studied—5 after being
taken to Morococha (14,900 feet) and 5 at sea
level. Thirty mg. of labeled iron as ferrous
sulfate were given to each one. This small dose
was used in order to obtain a greater percent-
age uptake, thus permitting better analysis of
the difference between the amount of iron
appearing in the red cells and that eliminated
in the feces. The subjects studied at altitude
took the iron 8 days after their arrival.

Individual data are presented in table IV.
The average value of iron recovered in feces
of the group studied at high altitude was 78.1
+5.6 percent, and in the group studied at sea
level it was 91.6 2.6 percent. Absorbed iron
appearing in the red cells plus that which was
assumed to have reached the circulating
plasma, but not incorporated into hemoglobin,
averaged 19.6 +6.9 percent in the group ob-
served at high altitude and 5.8 + 3.0 percent
in the group studied at sea level. The total of
the iron recovered in the feces plus the amount
of iron absorbed in the blood had a mean value
of 97.7 percent at high altitude and 98.4 per-
cent at sea level.

The second series of studies of elimination
of nonabsorbed iron was carried out in a group
of 4 natives of high altitude 8 days after their
arrival at Lima (sea level). For comparative
purposes, observations of the same type were
made on 5 subjects native to the sea level
environment and studied there. In both
groups, 100 mg. of iron were administered as
ferrous sulfate. The average value for iron
recovered in feces was 96.0 = 2.4 percent in
the natives of altitude brought down to sea
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level. Adding the absorbed iron found in blood
(correction factor included) gives a total of
98.1 percent. In the group of sea level sub-
jects studied in Lima, the iron found in feces
was 93.5 +2.7 percent; when the iron absorbed
in blood (corrected) is added, the total is
97.4 percent. See table V.

. It should be noted that in the four groups
just described there were individual variations
in the total amount of iron recovered in blood
and feces. In most cases the total was below

_ 100 percent of the given dose. Our findings

are similar to those of Bothwell et al. (2),
whose technic we used.

DISCUSSION

The observations presented here indicate
that changes in altitude produce modifications
in iron absorption. These variations are
closely related to the demand for this element
in connection with erythropoietic activity. Iron
absorption was increased three to four times
during early exposure to high altitude, a period
during which a marked hyperactivity of the

red blood cell precursors has been demon- -

strated (3). On the other hand, there was a
decrease in iron absorption during descent
from high altitudes, coincidental with a depres-
sion of bone marrow activity (8, 7) ; however,
permanent residents of high altitude, in whom
equilibrium of erythropoietic activity was dem-
onstrated previously (3, 8, 9), did not show a
significant difference in iron absorption as
compared with people born and living at sea
level. As for altitude effects, these observa-
tions suggest that intestinal absorption of iron
is stimulated by variations in iron uptake by
bone marrow and in production of red cells,
rather than by oxygen saturation of the blood
or oxygen pressure at the intestinal level.
Only in this way can one explain the finding
of no significant elevation or iron absorption
in altitude natives studied in their own locality
(14,900 feet) despite their arterial oxygen
saturation of 80 percent. The close relation-
ship between the level of red cell production
and iron absorption suggests that the regulat-
ing mechanisms of iron absorption during alti-
tude changes must take place in intimate

6

relation to or through a mechanism similar to
that controlling erythropoiesis, which is gen-
erally believed now not to be brought about
by direct action of the changes in oxygen pres-
sure or content on tue erythropoietic tissues
(9-14).

The fact of no increase in the appearance of
previously administered labeled iron in the red
cells of altitude residents recently brought to
sea level and then returned to high altitude
indicates that the iron absorbed in these sub-
jects did not take part in the “labile pool” (15).
In other words, all the absorbed iron went
either for hemoglobin formation or for the
fulfillment of other biologic needs.

The studies on fecal recovery of non-
absorbed iron tend to confirm the modification
of normal iron absorption during changes in
altitude. This modified iron absorption is inter-
preted on the basis of the quantity incorporated
in red cells plus the small amount presumed to
reach the circulation but not utilized in hemo-
globin synthesis. It is necessary, however, to
make individual analyses of these determina-
tions. It has been seen that the total amount
of iron in feces and blood (corrected) was in
nearly all cases less than 100 percent of the
given dose. In some subjects the amount of
unrecovered iron was as high as 10 percent.
This could be attributed to incomplete collec-
tion of feces, but assuming that collection was
thorough, it may still be accounted for by the
removal of the remaining fraction by the liver
during primary passage through that organ by
the portal circulation and its storage, probably
in the form of hemosiderin, which is difficult
to mobilize. This phenomenon may occur in
subjects who have low iron reserves, but there
may be some other unknown causes.

Finally, it should he pointed out that the
stimulation or depression of red cell produc-
tion due to altitude changes offers a fertile
field for studies on the mechanisms of irom
absorption.

g SUMMARY AND CONCLUSIONS

The absorption qf iron in the form of fer-
rous sulfate h&n studied in 82 subjects



and under various conditions of altitude expo-
sureppFrom the observations made, the follow-
ing conglustons.can be deduced:

Intestinal absorption of irofi-increased

during the first days of exposure to an alti--

tude of 14,900 feet and reached a maximum at

the end of a week. It was less marked 4 weeks:

4v

late;'z
™ Z.¥ Iron absorption decreased in natives of !

high altitude brought down to sea level, reached
a minimum in 8 weeks, and then returned to
normal within 16 months. . R

\

0y
~

--3. Iron absorption was essentially the

"same in natives from high altitude as in sea

level subjects when each was studied in his
own locality. The slightly higher values in
altitude subjects lacked statistical significance. ¢

" Studies on the recovery of iron in feces

/“confirmed the changes that were interpreted

on the basis of the amount of iron appearing in
the red blood cells plus the iron that presuma-
bly reached the circulating plasma but was not
used in red cell formation. The possible sig-
nificance of failure in some cases to recover a

1 small fraction of the total iron that was admin-

istered is discussed. N_
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